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Abstract A self-consistent two-dimensional model is proposed to account for the transient mesospheric
nighttime optical emissions associated to possible intracloud (IC) lightning occurring in the Venusian
troposphere. The model calculates the mesospheric (between 75 km and 120 km in altitude)
quasi-elestrostatic electric ﬁeld and electron density produced in response to IC lightning activity located
between 40 km and 65 km in the Venusian cloud layer. The optical signatures and the densities of perturbed
excited atomic and molecular neutral and ionic species in the mesosphere of Venus are also calculated using
a basic kinetic scheme. The calculations were performed for diﬀerent IC lightning discharge properties.
We found that the calculated electric ﬁelds in the mesosphere of Venus are above breakdown values
and that, consequently, visible transient glows (similar to terrestrial Halos produced by lightning)
right above the parent IC lightning are predicted. The transient optical emissions result from radiative
deexcitation of excited electronic states of N2 (in the ultraviolet, visible and near-infrared ranges) and
of O(1S) and of O(1D) in, respectively, the green (557 nm) and red (630 nm) wavelengths. The predicted
transient lightning-induced glows from O(1S) can reach an intensity higher than 167 R and, consequently,
be above the detection threshold of the Lightning and Airglow Camera instrument aboard the Japanese
Akatsuki probe orbiting Venus since December 2015. However, according to our model, successful
observations of transient lightning-induced optical glows could only be possible for suﬃciently close
(300 km or maximum 1000 km) distances.
1. Introduction
The search for lightning activity on Venus dates back to December 1978 when the Soviet Venera 11 and 12
probes descended into the atmosphere of Venus and detected a large number of very low frequency (VLF,
10–80 kHz) electromagnetic pulses similar to the radio impulses, also called “spherics,” produced by remote
lightning [Ksanfomaliti etal., 1979;Ksanfomaliti, 1980] onEarth. In addition, also inDecember 1978, theOrbiter
Electric FieldDetector of theAmericanPioneer VenusOrbiter (PVO) sampled theVenusnightside at an altitude
of about 142–250 km and detected whistler-like pulses of waves (in the 100 Hz band) propagating through
the Venusian ionosphere [Taylor et al., 1979]. However, successive ﬂybys of the Venus nightside by the Galileo
(fromadistanceof about 4Venus radii) andCassini (at approximately 280kmaltitude)probesduring the1990s
did not show unequivocal high-frequency (0.1–16 MHz) electromagnetic signature of the lightning activity
that could be taking place in Venus [Gurnett et al., 1991, 2001]. More recently, the magnetometer on board
the Venus Express (VEX) probe orbiting Venus (with periapsis in the nightside between 250 km and 350 km at
the north pole) since April 2006 detected repeated radio bursts (up to 128 Hz) interpreted as whistler mode
waves [Russell et al., 2007, 2008; Daniels et al., 2012; Russell et al., 2013]. However, in spite of the Veneras, PVO,
and VEX impulsive low-frequency radio wave detections in Venus, no optical emissions from the nightside
of Venus have been recorded so far to unambiguously reveal the existence of lightning on Venus. Moreover,
no conclusive results have been obtained in the last 20 years from the diﬀerent attempts to detect light-
ning activity in Venus using ground-based telescopes [Hansell et al., 1995; Krasnopolsky, 2006; García Muñoz
et al., 2013].
OnDecember 2015 the JapaneseVenusClimateOrbiter (Akatsuki)was successfully inserted in theVenusorbit,
opening up newopportunities to directly observe optical emissions frompossible lightning occurring on that
planet. The Akatsuki probe carries on board the high-speed Lightning and Airglow Camera (LAC) that could
be able to detect possible 777.4 nm lightning emissions and 557.7 nm atomic oxygen nightglow emissions
from the Venus nightside [Takahashi et al., 2008].
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As on Earth, it is possible that lightning on Venus is accompanied by transient luminous events (TLEs) in the
mesosphere. Both sprites and halos are generated by lightning-produced quasi-electrostatic electric ﬁelds as
ﬁrst proposedbyWilson [1925], while elves originate in the lower ionosphere of the Earth due to thepropagat-
ing lightning electromagnetic pulses [Fukunishi et al., 1996]. As suggested by Yair et al. [2009], a possible way
to optically detect lightning on Venus would be to search for the transient optical emissions of their induced
glows in its upper atmosphere. Such Venusianmesospheric transient optical glowswould be generated if suf-
ﬁciently intense IC lightning ﬂashes take place between the clouds of Venus [Yair et al., 2009]. In this regard, IC
chargemoments of about 500 C kmhave been suggested to produce possible transient optical glows (sprites
and/or halos) in Venus at an altitude of around 90 km above ground [Yair et al., 2009].
Recent laboratory experiments [Dubrovin et al., 2010] simulating TLE glows in a 50mbar (equivalent to 65 km
altitude) Venus atmosphere (CO2/N2 with a 96.5/3.5 ratio) indicate that the dominant spectroscopic optical
signature is in the 300–400 nm range or near ultraviolet (NUV) associated to the second positive system (SPS)
of N2. An order of magnitude weaker optical emissions in the visible range (400–700 nm) were also recorded
associated to the ﬁrst positive system (FPS) of N2 and to several CO transitions. It should be expected, however,
that at higher altitudes (lower pressures), the contribution of the FPS optical emissions would become higher
(even dominant) due to less eﬃcient quenching as is the case in optical emissions from sprites and halos in
the Earth mesosphere [Sentman et al., 1995; Hampton et al., 1996;Wescott et al., 2001; Kanmae et al., 2007].
2. Model of IC Lightning on Venus
Following Yair et al. [2009] we assume that electrical activity on Venus is mainly due to IC lightning discharges
taking place between or within clouds in the 40 km–65 km altitude range of the Venusian atmosphere where
a layer of sulfuric acid clouds is located. An IC discharge canbe considered as an electric dipole (p) that induces
negative electric charge in the Venusian upper atmospheric layers immediately below the ionosphere. The
total electric ﬁeld in the ionosphere is E = 0 = Ep + ES where Ep and ES are the electric ﬁelds produced by,
respectively, the dipolep and anegative screening charge inducedby thedipole below the ionosphere. As the
IC proceeds, the induced subionospheric negatively charged layer moves down toward lower mesospheric
altitudes so that when the original IC discharge is gone, that is, when its equivalent electric dipole is dis-
charged, negative charge and its complementary positive charge remain at mesospheric altitudes (between
40 km and 65 km) due to the longer Maxwell relaxation times at lower Venusian altitudes where electrical
conductivity is smaller than that at ionospheric altitudes. The induced negative and positive charge layers at
mesospheric altitudes can be imagined as a new emerging electric dipole p′(t) = p(t)−p(0) (with p′(t=0)=0
and p(t=0)=p(0) ≠ 0) that charges up as time progresses and generates an electric ﬁeld Ep(t)′ = Ep(t) − Ep(0).
Our IC lightning model here corresponds to the charging electric dipole.
We consider that the center of the IC lightning channel is located around45 kmabovegroundwhere the ambi-
ent pressure is 1 bar. We also assume that the charge centers are vertically separated by a distance a = 10 km,
that is, the IC discharge takes place between vertically aligned clouds at 40 km and 50 km above the sur-
face of Venus. Following Dubrovin et al. [2014], we assume that the charge is being accumulated in uniformly
charged, nonoverlapping identical spheres with a radius of R = 2.5 km [Maggio et al., 2009]. By considering
that the total energy released in Venus IC lightning ranges between 8 × 108 and 1010 J [Krasnopolsky, 1980]
and 1011 J as an extreme case, the calculation of the electrostatic energy stored by this conﬁguration,
Up =
2Q2T
4𝜋𝜖0
( 3
5R
− 1
2a
)
, (1)
allows to estimate that the total dissipated or accumulated charge QT is between 15 C and 170 C. Deﬁning
the total charge moment change (CMC) as for terrestrial lightning, that is, the product of the transmitted
charge and the cloud to ground distance, we haveM = QTa∕2. Thus, we have that our model calculations are
performed for IC lightning ﬂashes with CMCs between 75 C km and 850 C km. We further assume that the
current ﬂowing through the lightning channel follows a biexponential function of the form
I(t) = I0
(
exp(−t∕𝜏1) − exp(−t∕𝜏2)
)
, (2)
where 𝜏2 is the rise time of the current wave, and it is typically 10 times faster than the overall duration of the
stroke, represented by 𝜏1. Considering recent results on the average duration of ≃1 ms for IC ﬂashes on the
Earth [Lu et al., 2010], we have considered that for a hypothetical 10 km length lightning channel on Venus,
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Table 1. Species Considered in the Basic Kinetic Model Providing Ambient Nighttime
Electron Density Proﬁles in Venus Between 70 km and 125 km of Altitude
Species
Negative-charged species e, O−, CO−3 , O
−
2
Positive-charged species CO+2 , O
+ , O+2 , N
+
2 , N
+, He+ , H+
Neutral species H, He, C
the total IC lightning duration will be of the order of 𝜏1 = 1 ms with a rising time 𝜏2≃0.1 × 𝜏1 = 0.1 ms in
agreement with recordings of IC lightning times on Earth [Rakov and Uman, 2003]. Finally, the accumulated
electric charge in our Venus IC lightning model grows as
Q(t) = ∫
t
0
I(t′)dt′, (3)
so that Q(t = 0) = 0 and Q(t →∞) = QT .
3. Electric Breakdown in the Nightside Upper Mesosphere of Venus
Electric breakdown in the Earth’s upper atmosphere occurs when the reduced electric ﬁeld (E∕N, where E is
the ﬁeld strength and N is the ambient number density of neutral species) exceeds the conventional break-
down reduced electric ﬁeld (Ek∕N). Due to the decreasing trend of the ambient neutral densitywith increasing
altitude, the reduced electric ﬁeld E∕N increases with altitude. The conventional breakdown reduced ﬁeld
(Ek∕N) is deﬁned by the competition between two opposing processes in the gas: impact ionization of neu-
trals by accelerated electrons and attachment of electrons to certain molecules in the gas (O2 on Earth, CO2
on Venus). According to the classical (no consideration of detachment) electric breakdownmechanism, when
the lightning-induced electric ﬁeld exceeds Ek∕N below the ionosphere, then ionization dominates and elec-
tric breakdown can occur. Depending on the values of the parent lightning CMCs, diﬀerent types of Transient
Luminous Events (TLEs) occur on the Earth’s mesosphere produced by the quasi-electrostatic and induction
electric ﬁelds (halos and sprites), and/or the lightning electromagnetic pulse (elves). Our analysis in this paper
focuses on the possible existence of halos, visible faint transient glowing regions, in the nightside Venusian
mesosphere in response to IC lightning activity.
3.1. Ambient Nighttime Electron Density Proﬁle on Venus
In order to determine the altitudewhere possible halos can occur in Venus, we ﬁrst need to quantify the ambi-
ent nighttime electron density proﬁle from the cloud deck (≃60 km) up to the lower ionosphere (≃120 km).
However, the available measurements of the Venusian nighttime and daytime electron density at the lowest
altitude were recorded by the PVO mission at around 120 km. Below 120 km we have to rely on modeling.
According to Borucki et al. [1982] andMichael et al. [2009] the nightside ambient electron density in Venus is
negligibly small, below 60 km, but it rapidly increases by 3 orders of magnitude between 60 km and 75 km.
There are no availablemodels for the electron density above 75 km. To calculate the electron density between
75 km and 120 kmwe have implemented a basic kinetic model considering neutrals [Krasnopolsky, 2010] and
ionization proﬁles from solar extreme ultraviolet (EUV) and X-rays and galactic cosmic rays [Nordheim et al.,
2015] controlling the ionization of the atmosphere. The solar and cosmic galactic ray ionizing radiation pro-
duce electrons and positive ions such as CO+2 andO
+ (see discussion below) and lighter (much less abundant)
ions like H+ andHe+ [Tsanget al., 2015]. The total gas density as a function of the altitude is taken fromaVenus
reference atmosphere [Lopez-Valverde et al., 2007] considering CO2/N2 with a 96.5/3.5 ratio and a constant gas
temperature of 210 K in the 75–120 km altitude range. We also consider the input proﬁles for the densities of
CO [Gilli et al., 2011], O2, and O [Krasnopolsky, 2010].
First, we solve a system of 14 stiﬀ balance equations in daytime conditions for a suﬃciently long time so
that steady state is achieved at the diﬀerent altitudes considered. The model output gives the densities of 14
species (electrons, positive and negative ions, and some neutrals) (see Table 1) reacting through a set of 40
kinetic reactions (see Table 2). Our daytime model solutions agree with, respectively, available model results
[Borucki etal., 1982;Michael etal., 2009] at around70km (where solar radiationdoesnot inﬂuence atmospheric
ionization) and with PVO daytime electron density measurements at around 120 km.
We are interested in the Venus nightside electron density proﬁle. However, the solar-antisolar circulation
drivenbyday-night contrast in solar heating occurring above≃110 kmof altitudeproduces strongwindswith
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Table 2. Basic Kinetic Scheme of the Model Providing Ambient Nighttime Electron Density Proﬁles in Venus Between
75 km and 120 km of Altitudea
Reaction No. Reaction Rate Coeﬃcient Reference
1 e + CO+2 → CO + O 6.5 × 10
−7( Te
300
)−0.8 cm3 s−1 [1]
2 O− + CO→ CO2 + e 6.72 × 10−10 cm3 s−1 [2]
3 O− + CO2 + N2(X1Σ+g ) → CO
−
3 + N2(X
1Σ+g ) 3.1 × 10
−28( T
300
)0.5 cm6 s−1 [3]
4 O− + CO2 + CO2 → CO−3 + CO2 3.1 × 10
−28( T
300
)0.5 cm6 s−1 [3]
5 CO−3 + O→ O
−
2 + CO2 1.1 × 10
−10 × ( T
300
)0.5 cm3 s−1 [3]
6 O−2 + O→ O
− + O2 3.3 × 10−10 cm3 s−1 [2]
7 CO+2 + O → CO + O
+
2 1.6 × 10
−10 cm3 s−1 [4]
8 CO+2 + O→ CO2 + O
+ 9.6 × 10−11 cm3 s−1 [4]
9 He+ + CO2 → CO + O+ + He 1.0 × 10−10 cm3 s−1 [5]
10 He+ + CO2 → CO+ + O + He 8.7 × 10−10 cm3 s−1 [5]
11 CO+ + O → CO + O+ 1.4 × 10−10 cm3 s−1 [6]
12 O+ + H → H+ + O 2.5 × 10−11 × T0.5 cm3 s−1 [6]
13 H+ + O → O+ + H 3.8 × 10−10 cm3 s−1 [4]
14 O+ + CO2 → CO + O+2 9.4 × 10
−10 cm3 s−1 [6]
15 He+ + O → He + O+ 5.0 × 10−11 cm3 s−1 [4]
16 O+2 + e → O + O 8.75 × 10
−6T
−2
3
e cm
3 s−1 [4]
17 CO+ + e→ C + O 1.3 × 10−5T0.5e cm
3 s−1 [6]
18 CO+ + CO2 → CO+2 + CO 1.0 × 10
−9 cm3 s−1 [6]
19 N+2 + CO2 → N2 + CO
+
2 7.7 × 10
−10 cm3 s−1 [6]
20 N+2 + CO→ CO
+ + N2(X1Σ+g ) 7.4 × 10
−11 cm3 s−1 [6]
21 N+2 + O→ O
+ + N2(X1Σ+g ) 3.6 × 10
−12( Te
300
) cm3 s−1 [6]
22 N+ + CO → CO+ + N 4.0 × 10−10 cm3 s−1 [6]
23 N+ + CO2 → CO+2 + N 7.5 × 10
−10 cm3 s−1 [6]
24 O+ + e→ O + h𝜈 3.4 × 10−12( Te
300
)0.5 cm3 s−1 [5]
25 CO+ + e→ CO 6.5 × 10−7( Te
300
)−0.53 cm3 s−1 [5]
26 N+ + e→ N + h𝜈 3.3 × 10−12( Te
300
)−0.5 cm3 s−1 [5]
27 N+2 + e→ N + N 2.5 × 10
−7( Te
300
)−0.5 cm3 s−1 [5]
28 H+ + e→ H + h𝜈 4.4 × 10−12( Te
300
)−0.5 cm3 s−1 [5]
29 He+ + e→ He + h𝜈 4.4 × 10−12( Te
300
)−0.5 cm3 s−1 [5]
30 He+ + CO2 → CO+ + O + He 8.7 × 10−10 cm3 s−1 [6]
31 He+ + CO2 → CO+2 + He 1.2 × 10
−10 cm3 s−1 [6]
32 He+ + CO2 → O+ + CO + He 1.0 × 10−10 cm3 s−1 [6]
33 He+ + CO → CO+ + He 1.68 × 10−9 cm3 s−1 [6]
34 He+ + N2(X1Σ+g ) → N
+ + N + He 9.6 × 10−10 cm3 s−1 [6]
35 He+ + N2(X1Σ+g ) → N
+
2 + He 6.4 × 10
−10 cm3 s−1 [6]
36 CO+2 + H → H
+ + CO2 1.0 × 10−10 cm3 s−1 [6]
37 CO2 + h𝜈 → CO+2 + e k × 𝜂1 cm
−3 s−1 [7], [8]
38 O + h𝜈 → O+ + e k × 𝜂2 cm−3 s−1 [7], [8]
39 He + h𝜈 → He+ + e k × 𝜂3 cm−3 s−1 [7], [8]
40 H + h𝜈 → H+ + e k × 𝜂4 cm−3 s−1 [7], [8]
aThe gas temperature (T) is in K. The electron temperature is Te = T. References are as follows: [1] Viggiano and et al.
[2005]; [2] Gordillo-Vázquez [2008]; [3] Brasseur and Solomon [2005]; [4] Chen and Nagy [1978]; [5] Upadhyay and Singh
[1990]; [6] Schunk and Nagy [1980]; [7] Nordheim et al. [2015]; [8] Chen and Nagy [1978]. Note that for photoionization
mechanisms (37)–(40) reaction rates (in cm−3 s−1) rather than rate coeﬃcients are shown. The values of the reaction
rate k and of the nondimensional magnitudes 𝜂i = Ni/N (with 𝜂1 = 0.9, 𝜂2 = 0.1, 𝜂3 = 10
−6, 𝜂4 = 10
−6) are obtained from
Nordheim et al. [2015] and Chen and Nagy [1978], respectively.
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Figure 1. Ambient daytime (solid lines) and nighttime (dashed lines) concentrations of (a) neutrals CO2 (black line), N2
(green line), O2 (blue line), O (red line), and CO (yellow line), (b) positive ions CO
+
2 (black line), O
+
2 (blue line), and O
+
(red line), and (c) electrons in the mesosphere of Venus as a function of the altitude.
speeds of≃120m s−1 [Bougher et al., 2006; Lellouch et al., 1997]) that can inﬂuence the nightside electron den-
sity proﬁles carrying electrons and ions from the dayside and our model cannot account for the wind eﬀects.
Thus, we stop our electron density simulations at≃105 kmwhere solar ionization is negligible [Nordheimetal.,
2015]. At this altitude we perform linear interpolation up to the PVO nightside electron density recordings at
≃120 km.
The ambient concentrations of the considered neutral species are shown in Figure 1a. We assume that the
concentration of these neutrals remain constant in time. The calculated daytime and nighttime ambient con-
centrations of positive ions are represented in Figure 1b. It should be noted that the dominant positive ions
are CO+2 and O
+
2 (not O
+), because, according to our model, once O+ is produced by the photoionization pro-
cesses considered [Nordheim et al., 2015], it is rapidly converted into O+2 through the reaction O
+ + CO2→ CO
+ O+2 . In the altitude range (70–125 km) investigated, where the concentration of CO2 prevails over that of O,
our kinetic model predicts that O+2 dominates over O
+ in agreement with nighttime PVO observations and
the Venus International Reference Atmosphere [Bauer et al., 1985].
Figure 1c shows the ambient daytime and nighttime electron density proﬁles in the mesosphere of Venus
resulting from our calculations. The maximum electron density in the nighttime proﬁle between 75 km and
120 km is located at around 75 km inﬂuenced by the proximity to the maximum of the galactic cosmic ray
ionization taking place at 63 km [Nordheim et al., 2015]. The mobility and conductivity (𝜎 = e𝜇eNe) of ambient
nighttime electrons are shown in Figure 2. Themobility of electrons was obtained by calculating the electron
energy distribution function [Hagelaar andPitchford, 2005] in a gasmixture with the proportions of the Venus
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Figure 2. Mobility (solid line) and conductivity (dashed line) (𝜎 = e𝜇eNe) of nighttime electrons in the mesosphere of
Venus assuming E∕N = 0 (ambient conditions).
atmosphere and assuming anegligible (≃0 Td) ambient-reduced electric ﬁeld. Themobility is scaledup for the
diﬀerent pressures (altitudes) considered. The calculated values of the mobility and conductivity of ambient
nighttime electrons show a growing trendwith increasing altitudes and their lower bound (70–80 km) values
agree well with previous calculations by Michael et al. [2009] in the absence of cloud particles and available
only up to altitudes of 70 km.
3.2. Electric Breakdown on Venus
Kinetic mechanisms such as electron-impact ionization of CO2 and N2 (e + CO2 / N2 → CO
+
2 / N
+
2 + 2e) and
electron-driven dissociative attachment of CO2 (e + CO2→ CO
− + O) are both eﬃcient processes in the atmo-
sphere of Venus. The conventional breakdown reduced electric ﬁeld (Ek∕N) is obtained when the eﬀective
ionization frequency 𝜈i,eﬀ = 𝜈i - 𝜈att is equal to zero, that is, when the ionization (𝜈i) and attachment (𝜈att)
frequencies become equal. Our calculations indicate that Ek∕N ≃ 74 Td in the atmosphere of Venus.
In order to determine a realistic response of the Venus atmosphere to a possible lightning-produced electric
ﬁeld in the Venusianmesosphere, we need to consider diﬀerent but interconnected timescales related to the
electric ﬁeld, 𝜏E , that is, its rise time (𝜏2) and/or decay times (𝜏1); the Maxwell relaxation time, 𝜏M = 𝜖0∕𝜎,
determined by the local electron conductivity (𝜎) with 𝜖0 being the electric permittivity of vacuum, and the
eﬀective ionization time, 𝜏i,eﬀ = 1∕𝜈i,eﬀ. The screening of an applied electric ﬁeld can only be avoided if its
timescale (for rise and/or decay) are shorter than the Maxwell time. We can calculate the time evolution of
the electric ﬁeld in a given altitude z as the sum of the quasi-electrostatic ﬁeld produced by a dipole and the
induction ﬁeld proportional to the discharging current:
E(z, t) = 1
𝜋𝜖0
(
1
(z − zp)3
M(t) + 1
c(z − zp)2
d
dt
M(t)
)
(4)
whereM(t) is the chargemoment change and zp is thedipole altitude. As canbe seen in Figure 3, the induction
electric ﬁeld (proportional to the current intensity and controlled by the rise time (𝜏2)) is considerably smaller
than the quasi-electrostatic (QES) electric ﬁeld beyond 𝜏2 = 0.1 ms. Therefore, screening of the QES electric
ﬁeld is avoided in regions where 𝜏1 ≤ 𝜏M. In addition, to avoid electric screening, the applied electric ﬁeld
needs to have enough time to ionize the atmosphere which also requires that 𝜏i,eﬀ ≤ 𝜏M. We see in Figure 4
the Maxwell relaxation time and the eﬀective ionization time for the nighttime electron density proﬁle in the
mesosphere of Venus calculated for two values of the reduced electric ﬁeld, close to breakdown (E∕N = 80 Td
≃ 1.1 Ek∕N) and for E∕N = 148 Td = 2 Ek∕N. The Maxwell relaxation time for ambient conditions (E∕N = 0 Td)
is also shown in Figure 4. According to Figure 4, electric breakdown due to QES ﬁelds with amplitude E∕N ≃
Ek∕Nwill occur at altitudes between ≃95 km and ≃100 km when 𝜏1 ≤ 0.9 ms and ≤ 0.8 ms, respectively.
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Figure 3. Time evolution of the applied electric ﬁeld (blue), static ﬁeld (green), and induction ﬁeld (red) components at
100 km due to an in-cloud discharge with a released energy of 1010 J calculated according to equation (6).
4. Model of Electrical Discharges in the Venusian Upper Mesosphere
We have developed a 2-D model in cylindrical coordinates to account for the transient electrical discharges
in the mesosphere of Venus due to possible IC lightning activity within the cloud deck. The model aims to
quantify the lightning-induced transient electric ﬁelds in theVenusianmesosphere, themesospheric chemical
inﬂuence of IC lightning, and the excited chemical species responsible for possible transient optical emissions
(glows) that could be tracked from orbit to optically conﬁrm the existence of lightning on Venus.
4.1. Model Equations and Numerical Implementation
The 2-D model solves the following set of coupled equations:
∇2𝜙 = − 𝜌
𝜖0
(5)
𝜕Ne
𝜕t
+ ∇ ⋅ Je = Pe − Le (6)
Figure 4. Maxwell relaxation times for E∕N = 0 (ambient conditions) (dashed blue line), E∕N = 80 Td (dashed green line)
and E∕N = 2 Ek∕N (dashed red line). Eﬀective ionization times for E∕N = 80 Td (solid green line) and E∕N = 2 Ek∕N
(solid red line).
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Table 3. Species Considered in the 2-D Electric Discharge Model Between 70 km and 125 km of Altitude
Species
Negative-charged species e, O− , CO−3 , O
−
2 , O
−
Positive-charged species CO+2 , O
+
2 , N
+
2
Atomic oxygen-excited states O(1S), O(1D), O(3P), O(5P)
Molecular nitrogen-excited states N2(A3Σ+u ), N2(B
3Πg (all v′)), N2(W3Δu (all v′)), N2(C3Πu (all v′)), N2(a1Πg (all v′)), N2(a′1Σ−u (all v
′))
Carbon dioxide-excited states CO2(0001), CO2(1000), CO2(0110), CO2(0202), CO2(0222), CO2(0310), CO2(0330), CO2(1110)
Neutral species in ground state C
and continuity equations for each of the i = 1,… 27 neutral and ionic species considered
𝜕Ni
𝜕t
= Pi − Li. (7)
where Pe,i and Le,i indicate, respectively, the production and loss of electrons (e) or heavy species i.
The magnitudes 𝜙, 𝜖, and 𝜌 in Poisson’s equation (5) stand for, respectively, the electric potential, the per-
mittivity of vacuum, and the charge density in the two domains of integration considered below 70 km and
above 70 km, where chemical kinetics is solved. Above 70 km, 𝜌 = qe(N+i − Ne − N
−
i )where qe is the elemen-
tary charge andN+i ,Ne andN
−
i indicate the calculated concentrations of positive ions, electrons, and negative
ions. Below 70 km, 𝜌 = Q+∕V − Q−∕V , that is, the positive and negative charge densities (within a cylindrical
volume V = 2𝜋R3) of an electric dipole representing an IC lightning.
The magnitude Je in the advection-diﬀusion equation (6) for electrons stand for the axial
Je,z = −De
𝜕Ne,z
𝜕z
− 𝜇e,zEzNe,z, (8)
and radial
Je,r = −De
1
r
𝜕Ne,r
r𝜕r
− 𝜇e,rErNe,r (9)
ﬂows of electrons produced by the induced electric ﬁeld that try to screen it out. The electron diﬀusion
(De) and mobility (𝜇e) are computed oﬀ-line by solving the steady state Boltzmann equation [Hagelaar and
Pitchford, 2005] as a function of the reduced electric ﬁeld for a Venusian gas mixture. We found that in the
E∕N range of interest (0–400 Td) and for the length scale of a few kilometers that we consider, the diﬀusion
of electrons is negligible so that we can assume
Je,z ≃ −𝜇e,zEzNe,z (10)
Je,r ≃ −𝜇e,rEzNe,r. (11)
In order to solve the system of equations (5)–(7) we have used a ﬁxed cylindrical grid with spatial and tempo-
ral resolutions given by, respectively, Δz = 167 m, Δr = 250 m, and Δt = 10−8 s. We have discretized the axial
and radial advective terms of equation (6) by using a Koren limiter function [Montijn et al., 2006] so that pos-
sible undesired numerical diﬀusion and oscillations due to the abrupt axial changes in the electron density
are avoided. The boundary conditions for the Poisson equation (5) are of the Neumann type at r = 250 km,
undetermined in the axis of symmetry and of the Dirichlet type in the upper (ionosphere) and lower (ground)
boundaries assuming that both of them behave as perfect electric conductors (PEC). On the other hand,
Neumann type boundary conditions are used for solving equations (6) and (7) in the region where plasma
kinetics is considered, that is, 70 km ≤ z ≤ 125 km and 0 km ≤ r ≤ 200 km. The temporal dependence of
the continuity equations for electrons and for species i (equations (6) and (7)) is treated by using an explicit
Runge-Kuttamethod of order 5 with step size control based on the Dormand and Prince algorithm [Dormand
and Prince, 1980]. We use the solver FISHPACK [Sweet, 1977] in cylindrical coordinates to solve the 2-D Poisson
equation (5) with a vertical IC discharge located in r = 0 km.
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Table 4. Basic Kinetic Scheme of the 2-D Electric Discharge Model Between 70 km and 125 km of Altitude in the
Mesosphere of Venusa
Reaction No. Reaction Rate Coeﬃcient Reference
1 e + CO+2 → CO + O 6.5 × 10
−7( Te
300
)−0.8 cm3 s−1 [1]
2 O− + CO → CO2 + e 6.72 × 10−10 cm3 s−1 [2]
3 O− + CO2 + N2(X1Σ+g ) → CO
−
3 + N2(X
1Σ+g ) 3.1 × 10
−28( T
300
)0.5 cm6 s−1 [3]
4 O− + CO2 + CO2 → CO−3 + CO2 3.1 × 10
−28( T
300
)0.5 cm6 s−1 [3]
5 CO−3 + O → O
−
2 + CO2 1.1 × 10
−10 × ( T
300
)0.5 cm3 s−1 [3]
6 O−2 + O → O
− + O2 3.3 × 10−10 cm3 s−1 [2]
7 CO+2 + O → CO + O
+
2 1.6 × 10
−10 cm3 s−1 [4]
16 O+2 + e→ O + O 8.75 × 10
−6T
−2
3
e cm
3 s−1 [5]
19 N+2 + CO2 → N2 + CO
+
2 7.7 × 10
−10 cm3 s−1 [6]
41 e + CO2 → CO + O− k1(E∕N) cm3s−1 [9]
42 e + CO2 → CO+2 + 2e k2(E∕N) cm
3s−1 [9]
43 e + N2(X1Σ+g ) → N2
+ + 2e k3(E∕N) cm3 s−1 [10]
44 e + CO→ O− + C k4(E∕N) cm3 s−1 [20]
45 e + CO2 → O(1S) + CO + e k5(E∕N) cm3 s−1 [9]
46 O− + N2(X1Σ+g ) → N2O + e k6(E∕N) cm
3 s−1 [19]
47 e + N2(X1Σ+g ) → N2(B
3Πg) + e k7(E∕N) cm3 s−1 [10]
48 e + N2(X1Σ+g )→ N2(C
3Πu) + e k8(E∕N) cm3 s−1 [10]
49 e + N2(X1Σ+g ) → N2(W
3Δu) + e k9(E∕N) cm3 s−1 [10]
50 e + N2(X1Σ+g ) → N2(a
1Πg) + e k10(E∕N) cm3 s−1 [10]
51 e + CO2 → CO2(0001) + e k11(E∕N) cm3 s−1 [11]
52 e + CO2 → CO2(1000) + e k12(E∕N) cm3 s−1 [11]
53 e + CO2 → CO2(0110) + e k13(E∕N) cm3 s−1 [11]
54 e + CO2(0001) → CO2 + e k14(E∕N) cm3 s−1 [11]
55 e + CO2(1000) → CO2 + e k15(E∕N) cm3 s−1 [11]
56 e + CO2(0110) → CO2 + e k16(E∕N) cm3 s−1 [11]
57 e + O → O(3P) + e k17(E∕N) cm3 s−1 [12]
58 e + O → O(5P) + e k18(E∕N) cm3 s−1 [12]
59 e + O2 → O(3P) + O + e k19(E∕N) cm3 s−1 [13]
60 e + O2 → O(5P) + O + e k20(E∕N) cm3 s−1 [14]
61 O(1S) + CO2 → Products 4.8 × 10−14 cm3 s−1 [15]
62 O(1S) + O2 → Products 7.4 × 10−14 cm3 s−1 [15]
63 O(1S) + N2(X1Σ+g ) → O(
1D) + h𝜈 5.0 × 10−17 cm3 s−1 [15]
64 O(1S) + CO → Products 4.9 × 10−15 cm3 s−1 [16]
65 O(1S) → O(1D) + h𝜈 1.35 s−1 [2]
66 O(1D) → O + h𝜈 5.1 × 10−3 s−1 [2]
67 O(1D) + CO2 → Products 1.1 × 10−10 cm3 s−1 [2]
68 O(1D) + N2(X1Σ+g ) → Products 7.0 × 10
−11 cm3 s−1 [2]
69 O(1D) + CO → Products 8.0 × 10−11 cm3 s−1 [2]
70 N2(B3Πg (all v′)) → N2(A3Σ+g (all v
′′)) + h𝜈 1.34 × 105 s−1 [21]
71 N2(C3Πu (all v′)) → N2(B3Πg (all v′′)) + h𝜈 2.45 × 107 s−1 [21]
72 N2(W3Δu (v′ = 0)) → N2(X1Σ+g (v
′′ = 5)) + h𝜈 0.154 s−1 [21]
73 N2(W3Δu (v′ = 0)) → N2(B3Πg (v′′ = 0)) + h𝜈 3.1 × 10−2 s−1 [22]
74 N2(a1Πg (v′ = 0)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 9.74 × 101 s−1 [22]
75 N2(a1Πg (all v′) → N2(X1Σ+g (all v
′′)) + h𝜈 1.0 × 103 s−1 [22]
76 CO2(0001) → CO2(0200) + h𝜈 0.2 s−1 [17]
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Table 4. (continued)
Reaction No. Reaction Rate Coeﬃcient Reference
77 CO2(0001) → CO2 + h𝜈 450.0 s−1 [17]
78 CO2(1000) → CO2(0110) + h𝜈 2.08 s−1 [17]
79 CO2(0110) → CO2 + h𝜈 1.564 s−1 [17]
80 O(5P) + O2 → O + O2 1.08 × 10−9 cm3 s−1 [18]
81 O(5P) + N2(X1Σ+g ) → O + N2(X
1Σ+g ) 1.08 × 10
−9 cm3 s−1 [18]
82 O(3P) + O2 → O + O2 7.8 × 10−10 cm3 s−1 [18]
83 O(3P) + N2(X1Σ+g ) → O + N2(X
1Σ+g ) 5.9 × 10
−10 cm3 s−1 [18]
84 O(3P) + O2 → O(5P) + O2 6 × 10−11 cm3 s−1 [18]
85 O(3P) + N2(X1Σ+g ) → O(
5P) + N2(X1Σ+g ) 2 × 10
−11 cm3 s−1 [18]
86 O(3P) → O + h𝜈 2.98 × 107 s−1 [18]
87 O(5P) → O + h𝜈 2.56 × 107 s−1 [18]
aThe gas temperature (T) is in K. The electron temperature (Te) dependence of some rate coeﬃcients is transformed
into a reduced electric ﬁeld (E∕N) dependence following Te (eV) = 2𝜖/3where themean electron energy is obtained from
BOLSIG+. References are as follows: [1] Viggiano and et al. [2005]; [2] Gordillo-Vázquez [2008]; [3] Brasseur and Solomon
[2005]; [4]ChenandNagy [1978]; [5]UpadhyayandSingh [1990]; [6] SchunkandNagy [1980]; [9] Itikawa [2002]; [10] Itikawa
[2006]; [11] Bulos and Phelps [1976]; [12] Laher and Gilmore [1990]; [13] Pagnon et al. [1995]; [14] Erdman and Zipf [1987];
[15] Atkinson and Welge [1972]; [16] Filseth et al. [1970]; [17] Parra-Rojas et al. [2014]; [18] Dagdigian et al. [1988]; [19]
Rayment and Moruzzi [1978]; [20] Rapp and Briglia [1965]; [21] Capitelli et al. [2000]; [22] Gilmore et al. [1992]. Note that
reaction nos. 1 through 7 together with reactions 16 and 19 are the same as in Table 2.
4.2. Reduced Kinetic Scheme for the Mesosphere of Venus
We have implemented a reduced kinetic scheme for the upper atmosphere of Venus in order to investigate
how it changes under the inﬂuence of lightning-produced electric ﬁelds. The scheme considers a number of
neutral species (CO2, N2, CO, O, and O2) with known concentrations that do not change in time. The kinetic
scheme is applied between 70 km and 125 km of altitude where perturbations due to underlying suspected
lightning activity is possible. The initial conditions of the 2-D discharge model are the ambient (E∕N ≃ 0 Td)
altitude-dependent proﬁles for electrons and key positives ions CO+2 and O
+
2 (N
+
2 is rapidly converted into O
+
2 )
obtained from the equilibriummodel described in section 3.1
We include as additional inputs the ambient (E∕N ≃ 0 Td) altitude-dependent proﬁles of eight vibrational
levels of CO2 ((00
01), (1000), (0110), (0202), (0222), (0310), (0330), and (1110)) previously calculated under
steady state nonlocal thermodynamic equilibrium (N-LTE) [Lopez-Valverde et al., 2007]. The reduced kinetic
scheme of our discharge model includes electron-impact excitation of CO2, vibrational-vibrational (VV),
vibrational-translational (VT) processes, and radiative deexcitation producing IR optical emissions. However,
becauseof thediﬀerences betweenour reduced kinetic schemeand theN-LTE kinetics used to calculate ambi-
ent CO2(v) concentrations, our discharge model produces dNCO2(v)(E∕N = 0)∕dt = A(v) ≠ 0. In order to have
dNCO2(v)(E∕N = 0)∕dt = 0, we reformulate the continuity equations for the considered CO2(v) by subtracting
A(v) to each of them.
The output of our 2-D electric discharge for the mesosphere of Venus provides space-time-dependent con-
centrations of electrons and 27 species (see Table 3) interacting through 80 kinetic reactions (see Tables 4 and
5) that include heavy-heavy reactions (such as, quenching and charge transfer), radiative deexcitation, and
electron-driven processes (with electric ﬁeld-dependent rates) such as ionization, attachment, detachment,
recombination, and electronic and vibrational excitation of atomic andmolecular species. Among the species
considered, the excited O(1S) atoms can decay radiatively emitting the green (557.7 nm) line detected on the
nightside (atomic oxygen nightglow) of Venus with considerable variations in the recorded intensity bright-
nesses that changes between less than 10 R (with periods when the green line is absent) and 167 R [Slanger
et al., 2006; Gray et al., 2014].
In addition to O(1S) and O(1D) atoms, we have also considered several electronic-excited states of N2
and vibrational levels of CO2 that can be produced through electron impact collisions. In particular, we
have included possible optical emissions fromN2(B
3Πg), N2(C3Πu), and N2(a1Πg) involved in, respectively, the
ﬁrst positive system (FPS), second positive system (SPS), and the Lyman Birge Hopﬁeld (LBH) system of N2.
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Table 5. Vibrational-Translational (VT) and Vibrational-Vibrational (VV) Processesa
Reaction No. Reaction g h i j Reference
88–89 CO2(0001) + CO2 ⇌ CO2(0200) + CO2 0.18 7.3 × 10−14 −850.3 86523 [23]
90–91 CO2(0001) + CO2 ⇌ CO2(0220) + CO2 0.18 7.3 × 10−14 −850.3 86523 [23]
92–93 CO2(0001) + CO2 ⇌ CO2(1000) + CO2 0.18 7.3 × 10−14 −850.3 86523 [23]
94–95 CO2(0001) + CO2 ⇌ CO2(0310) + CO2 0.82 7.3 × 10−14 −850.3 86523 [23]
96–97 CO2(0001) + CO2 ⇌ CO2(0330) + CO2 0.82 7.3 × 10−14 −850.3 86523 [23]
98–99 CO2(0001) + CO2 ⇌ CO2(1110) + CO2 0.82 7.3 × 10−14 −850.3 86523 [23]
100–101 CO2(0110) + CO2 ⇌ CO2 + CO2 1.0 4.2 × 10−12 −2988 303930 [24]
102–103 CO2(1000) + CO2 ⇌ CO2(0110) + CO2 2.5 4.2 × 10−12 −2988 303930 [24]
104–105 CO2(1000) + CO2 ⇌ CO2(0110) + CO2(0110) 1.0 2.5 × 10−11 0 0 [25]
106–107 CO2(0001) + CO2 ⇌ CO2(0200) + CO2(0110) 1.0 3.6 × 10−13 −1660 176948 [23]
108–109 CO2(0001) + CO2 ⇌ CO2(0220) + CO2(0110) 1.0 3.6 × 10−13 −1660 176948 [23]
110–111 CO2(0001) + CO2 ⇌ CO2(1000) + CO2(0110) 1.0 3.6 × 10−13 −1660 176948 [23]
aRates deﬁned as kco2 = g × h × exp(i∕T + j∕T2) in cm3 s−1 with the gas temperature (T) in Kelvins. The rates of the
return processes are calculated multiplying the direct reaction rate by exp(−E∕𝜅BT), where E is the energy emitted/
absorbed during the process. References are as follows: [23] Lepoutre et al. [1977], [24] López-Valverde [1990], and
[25] Orr and Smith [1987].
Figure 5. Time evolution of the reduced electric ﬁeld E∕N in the atmosphere of Venus under diﬀerent IC lightning
discharges with total released energy of 1010 J, 2 × 1010 J, and 1011 J. Four snapshots are shown for each energy. The
discharge length of the IC channel in this case is 10 km, and the radius of the spheres (acting as clouds) that contain the
charges is set to 2.5 km.
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Optical emissions from the LBH, SPS, and FPS systems are in the ultraviolet (150–250 nm), near-ultraviolet
blue (250 nm–450 nm), and in the visible near infrared (500 nm–1.5 𝜇m). We have also included infrared
emissions corresponding to the transition N2(W
3Δu)→ N2(B3Πg).
5. Electric Field and Electron Density
The existence of possible lightning activity on Venus can induce the emergence of transient quasi-
electrostatic electric ﬁelds in the mesosphere of Venus. Figures 5 and 6 show diﬀerent snapshots of the
reduced electric ﬁelds (E∕N) and electron density under diﬀerent lightning discharges located at r = 0 km.
We can see that for lightning energies above 1010 J, around 0.25–0.75ms after lightning is produced, the elec-
tric ﬁeld takes values above the Venusian breakdown ﬁeld producing regions of signiﬁcant ionization where
the concentration of electrons increases causing a rapid screening in the electric ﬁeld. As expected, the max-
imum value of the reduced electric ﬁeld is reached in the region where the ambient electron density takes its
minimum value, at an altitude of 100–105 km (see Figure 1).
We have also explored the inﬂuence of changing diﬀerent lightning characteristics on the reduced elec-
tric ﬁeld of the lightning-induced glowing halo generated in the Venusian upper atmosphere. For instance,
shorter lightning lengths produce lower reduced electric ﬁelds. Moreover, the radii of the spheres that repre-
sent the cloud charges also inﬂuence the total reduced electric ﬁeld since, according toMaggio et al. [2009],
for a given a total released lightning energy, an increase in the radii of the spheres produces larger amounts
of total transferred charge.
6. Evolution of Vibrational Levels of CO2
Figure 7 shows the timeevolutionof theCO2(001) density after thebeginningof the ICdischarge. According to
our model, the only vibrational level of carbon dioxide that locally increases due to the action of the reduced
electric ﬁeld of the glowing halo is the 001. As we clearly see in Figure 7c the CO2(001) density growth is
weak and conﬁned to a region where the total electric ﬁeld reaches values close to breakdown. The radiative
deexcitation of CO2(001) takes place≃2ms after being excited and emits light in the near infrared (NIR) range
at 4.26 μm.
7. Transient Optical Fingerprints
The optical emission brightness (EB) at a given time in Rayleighs (R) is calculated from the species densities
through the classical expression [Hunten et al., 1956]:
EB(t) = 10−6 ∫L V(l, t) dl (12)
where V(l, t) is the volume emission rate of each species (in photons cm−3 s−1) at a given time, and the integral
is taken along the line of sight through the emission volume over an eﬀective column length L. The total
number of photons per second emitted at a given time (Eh𝜈(t)) is calculated by integrating V(l, t) over the
whole volume domain taking into account the cylindrical symmetry:
Eh𝜈(t) = ∫V V(l, t) dV (13)
7.1. Atomic Oxygen Optical Emissions
Figure 8 shows the time-dependent emission brightness of the O(1S)→O(1D) optical transition (at 557.7 nm)
from the center to the outer region of the transient glowing halo and for three snapshots (0.5ms, 0.75ms, and
1 ms) after the beginning of the IC discharge. We can see that the maximum brightness occurs in the center
(r=0 km) of the halowith the strongest optical emissions beingdue to IC dischargeswith total energies above
2 × 1010 J (Figure 8, middle) producing relatively high reduced electric ﬁelds.
In themesosphere of Venus, where the total density is not high, the radiative decay of O(1S) (see reaction (65)
in Table 4) dominates over collision deactivation (reactions (61) to (64)), causing an increase in the concentra-
tion of O(1D) in a timescale of several hundreds of milliseconds. After formation, O(1D) will decay, radiatively
emitting red (630 nm) photons in a much longer timescale (≃200 s) than that of the glowing halo.
It is ﬁnally interesting to note that the reportedbrightnesses of theO(1S) nightglow in Venus is latitudedepen-
dent and their values change between few Rayleighs and a maximum of 167 Rayleighs [Slanger et al., 2006;
Gray et al., 2014].
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Figure 6. Time evolution of the electron density in the atmosphere of Venus under diﬀerent IC lightning discharges
with total released energy of 1010 J, 2 × 1010 J, and 1011 J. Four snapshots are shown for each energy.
Figure 7. Time evolution of the CO2(001) density in the center of the halo created by IC lightning discharges with total
released energy of (a) 1010 J, (b) 2 × 1010 J, and (c) 1011 J.
PÉREZ-INVERNÓN ET AL. TRANSIENT OPTICAL EMISSIONS IN VENUS 7038
Journal of Geophysical Research: Space Physics 10.1002/2016JA022886
Figure 8. Emission brightness in Rayleighs from the radiative decay O(1S)→ O(1D) (557 nm) along diﬀerent positions of
the glowing disc and for diﬀerent times after the beginning of the IC discharge: 0.5 ms (black line), 0.75 ms (red line),
and 1 ms (blue line). The considered IC discharges release a total energy of (top) 1010 J, (middle) 2 × 1010 J, and
(bottom) 1011 J.
Table 6. Possible Optical Emissions Due To Radiative Decay of Electronically Excited Species in the Mesosphere of Venus
That Could Be Caused by Lightning-Induced Glow Dischargesa
Transition Wavelength Decay Constant (s−1) Reference
O(1S) → O(1D) + h𝜈 557 nm 1.351 [2]
O(1D) → O + h𝜈 630 nm 3 × 10−3 [2]
N2(B3Πg (all v′)) → N2(A3Σ+g (all v
′′)) + h𝜈 550 nm–1.2 μm 1.34 × 105 [19]
N2(C3Πu (all v′)) → N2(B3Πg (allv′′)) + h𝜈 250–450 nm 2.45 × 107 [19]
N2(W3Δu) (v′ = 0)) → N2(X1Σ+g (v
′′ = 5)) + h𝜈 208 nm 0.154 [19]
N2(W3Δu) (v′ = 0)) → N2(B3Πg (v′′ = 0)) + h𝜈 136.10 μm 3.11 × 10−2 [20]
N2(W3Δu) (v′ = 1)) → N2(B3Πg (v′′ = 0)) + h𝜈 6.4311 μm 2.20 × 102 [20]
N2(W3Δu) (v′ = 2)) → N2(B3Πg (v′′ = 0)) + h𝜈 3.3206 μm 7.36 × 102 [20]
N2(W3Δu) (v′ = 3)) → N2(B3Πg (v′′ = 0)) + h𝜈 2.2505 μm 8.73 × 102 [20]
N2(W3Δu) (v′ = 4)) → N2(B3Πg (v′′ = 0)) + h𝜈 1.7092 μm 6.53 × 102 [20]
N2(W3Δu) (v′ = 5)) → N2(B3Πg (v′′ = 0)) + h𝜈 1.3825 μm 3.79 × 102 [20]
N2(a1Πg) (v′ = 0)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 8.2515 μm 9.74 × 101 [20]
N2(a1Πg) (v′ = 1)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 3.4743 μm 5.98 × 102 [20]
N2(a1Πg) (v′ = 2)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 2.2140 μm 3.52 × 102 [20]
N2(a1Πg) (v′ = 3)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 1.6320 μm 5.13 × 101 [20]
N2(a1Πg) (v′ = 4)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 1.2969 μm 1.83 [20]
N2(a1Πg) (v′ = 5)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 1.0792 μm 4.5 × 10−3 [20]
N2(a1Πg) (all v′))→ N2(X1Σ+g (all v
′′)) + h𝜈 120–280 nm 1 × 103 [19] and [20]
aReferences are as follows: [2] Gordillo-Vázquez [2008], [19] Capitelli et al. [2000], and [20] Gilmore et al. [1992].
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Figure 9. Emission brightness in Rayleighs from the radiative decays (left column) N2(B
3Πg (all v′))→ N2(A3Σ+g (all v
′′))
(550 nm–1.2 μm) and (right column) N2(C3Πu (all v′))→ N2(B3Πg (all v′′)) (250–450 nm) along diﬀerent positions of the
glowing disc and for diﬀerent times after the beginning of the IC discharge: 0.5 ms (black line), 0.75 ms (red line), and
1 ms (blue line). The considered IC discharges release a total energy of (top row) 1010 J, (middle row) 2 × 1010 J, and
(bottom row) 1011 J.
7.2. Molecular Nitrogen Optical Emissions
Molecular nitrogen is excited by electron impact collisions resulting in electronically excited states including
vibrational excitation. In our model, we calculate the concentrations of electronically excited states averaged
over all their vibrational levels. All the considered electronically excited states N2(B
3Πg (all v′)), N2(C3Πu (all
v′)), N2(W
3Δu (all v′)), and N2(a1Πg (all v′)) emit photons due to their radiative decays. The wavelengths of
these emissions depend on both the initial (upper, v′) and the ﬁnal (lower, v′′) vibrational excitation level of
Figure 10. Emission brightness in Rayleighs from the radiative decay (left column) N2(W
3Δu (v′ = 0))→ N2(X1Σ+g (v
′′ =
5)) (208 nm) and (right column) N2(W
3Δu (v′ = 0))→ N2(B3Πg (v′′ = 0)) (136.10 μm) along diﬀerent position of the
glowing disc and for diﬀerent times after the beginning of the IC discharge: 0.5 ms (black line), 0.75 ms (red line), and
1 ms (blue line). The considered IC discharges release a total energy of (top row) 1010 J, (middle row) 2 × 1010 J, and
(bottom row) 1011 J.
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Figure 11. Emission brightness in Rayleighs from the radiative decays (left column) N2(a
1Πg (all v′))→ N2(X1Σ+g (all v
′′))
(120–280 nm) and (right column) N2(a
1Πg)→ N2(a′1Πg) (8.25 μm) along diﬀerent positions of the glowing disc and for
diﬀerent times after the beginning of the IC discharge: 0.5 ms (black line), 0.75 ms (red line), and 1 ms (blue line). The
considered IC discharges release a total energy of (top row) 1010 J, (middle row) 2 × 1010 J, and (bottom row) 1011 J.
the involved upper and lower N2 electronic states. According to Figure 9.1. in Capitelli et al. [2000], radiative
decay constants for reactions (70)–(72) shown in Table 4 are approximately the same for all v′, so we have
used mean radiative decay constants in our model. However, radiative constants for reactions (72)–(74) in
Table 4 depend critically on the chosen initial vibrational level of excitation. Therefore, for the tripletW3Δu and
singlet a1Πg electronic states, we have only used radiative decay constants from the lowest (most populated)
vibrational level of the upper electronic state v′ = 0 (see reactions 70–75 in Table 4). All the possible optical
emissions in the upper atmosphere of Venus caused by possible IC discharges are summarized in Table 6.
Figures 9–11 show the emission brightnesses (in R) along the radius of the glowing halo due to the radia-
tive decays of N2(B
3Πg), N2(C3Πu), N2(W3Δu), and N2(a1Πg) for three snapshots (0.5 ms, 0.75 ms, and 1 ms)
after the beginning of the IC discharge. We can see in Figures 9–11 that the halo radius reaches its maxi-
mum value around 40 km and that it mainly depends on the charge moment change of the discharge. The
strongest emissions are produced in the optical range associated to the FPS and SPS of molecular nitrogen,
while near-infrared and ultraviolet emissions are also possible due to N2(W
3Δu) and N2(a1Πg) states.
It isworthmentioning that in order to avoid numerical instabilities,we stoppedour simulations at 1ms. There-
fore, since we are only solving our model up to 1 ms, we are somehow underestimating the total brightness
and total number of photons emitted per second by the glowing halo. However, as shown in Figure 5, there
are thin and very localized regions (see the 1011 J case in Figure 5) with high (well above breakdown) reduced
electric ﬁelds that could be emitting during longer times (tens of milliseconds).
8. Feasibility of Detecting Venus Transient Optical Emissions From Orbiters
The lightning-induced transient optical emissions predicted by our model are produced over the Venusian
cloud deck. We discuss in this section the feasibility of detecting the emitted photons from orbiters around
Venus. In this regard, the Akatsuki probe is presently orbiting Venus at distances from periapsis (varying
between 300 and 4000 km) to apoapsis at 370,000 km [Gibney, 2016] (see Figure 12), and it is equipped with
the Lightning and Airglow Camera (LAC) that could be able to detect the transient green (557.7 nm) line pro-
duced by the radiative decay of O(1S) [Takahashi et al., 2008]. About this possibility, it is worthmentioning that
the existence of lightning-induced transient airglow enhancements in the Earth was ﬁrst detected from the
space shuttle. On October 1990, the shuttle Discovery (on mission STS-41) in orbit at 296 km to 327 km alti-
tude recorded (in the 360nm–720nm range) a sequenceof suddenbrightenings at the altitudeof the airglow
layer in coincidence with lightning ﬂashes [Boeck et al., 1992]. The region of enhanced luminosity was 10 to
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Figure 12. Artistic representation of Akatsuki probe orbiting Venus. The periapsis and apoapsis altitudes after April 2016
are expected to be 300–4000 km and 370,000 km, respectively [Gibney, 2016].
20 km thick and around 500 km in diameter with a brightness of about twice that of the background airglow
Boeck et al. [1992]. We now know that what space Shuttles recorded were the fast (≪1 ms) transient opti-
cal emissions of the ﬁrst and second positive systems of N2 excited by elves [Fukunishi et al., 1996; Israelevich
et al., 2004]. Halos, due to the lightning-induced quasi-electrostatic electric ﬁelds, have characteristic scales
of ≃100 km (shorter than elves) but last longer, about 10 times more ≃1 ms.
In addition to LAC, the Akatsuki spacecraft also carries cameras that cover the UV range (258 and 360 nm) and
the near IR (1.0, 1.7, 2.0, and 2.3 μm) [Takahashi et al., 2008] covering the spectral range of optical emissions
associated to the electronic states N2(B
3Πg), N2(C3Πu), N2(W3Δu), and N2(a1Πg). In this regard, it is important
to note that the transient lightning-induced NIR optical emissions in the upper atmosphere of Venus corre-
sponding to the strong (high radiative decay constants) transitions N2(W
3Δu(v′ = 3, 4))→ N2(B3Πg(v′′ = 0))
centered around, respectively, 2.250 μm and 1.709 μm, and N2(a1Πg(v′ = 2, 3)) → N2(a′1Σ−u (v
′′ = 0)) cen-
tered around, respectively, 2.214 μm and 1.632 μm are within the spectral range of the NIR-IR2 camera of
Akatsuki. However, vibrational kinetics is not included in the present version of ourmodel and, consequently,
we cannot precisely compute the concentrations of the vibrational levels underlying the above mentioned
NIR transitions.
Figure 13. Total number of photons per second emitted by the entire halo up to 1 ms due to the radiative decays (left
column) N2(B
3Πg (all v′))→ N2(A3Σ+g (all v
′′)) + h𝜈 (550 nm–1.2 μm) and (right column) N2(C3Πu (all v′))→ N2(B3Πg (all
v′′)) + h𝜈 (250–450 nm). The considered IC discharges release a total energy of (top row) 1010 J, (middle row) 2 × 1010 J,
and (bottom row) 1011 J.
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Figure 14. Total number of photons per second emitted by the entire halo up to 1 ms due to the radiative decays (left
column) N2(W
3Δu (v′ = 0))→ N2(X1Σ+g (v
′′ = 5)) + h𝜈 (208 nm) and (right column) N2(W
3Δu (v′ = 0))→ N2(B3Πg (v′′ =
0)) + h𝜈 (136.10 μm). The considered IC discharges release a total energy of (top row) 1010 J, (middle row) 2 × 1010 J, and
(bottom row) 1011 J.
Figures 13–16 show the time-dependent total number of photons emitted per second from the entire tran-
sient glowing halo calculated using equation (13). The shown optical emissions per second exhibit a sudden
increase (up to around 0.4 ms) when the reduced electric ﬁeld reaches breakdown producing a strong rise in
the densities of excited species.
If we numerically integrate in time (up to 1 ms) the total number of photons emitted per second, we obtain
the total number of emitted photons up to the instant when the number of photons emitted per second does
not grow any further. From this time on, we use the calculated number density of each emitting species at
Figure 15. Total number of photons per second emitted by the entire halo up to 1 ms due to the radiative decays (left
column) N2(a
1Πg (all v′))→ N2(X1Σ+g (all v
′′)) + h𝜈 (120–280 nm) and (right column) N2(a
1Πg(v′ = 0))→ N2(a′1Πg(v′′ =
0)) + h𝜈 (8.25 μm). The considered IC discharges release a total energy of (top row) 1010 J, (middle row) 2 × 1010 J, and
(bottom row) 1011 J.
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Figure 16. Total number of photons per second emitted by the entire halo up to 1 ms due to the radiative decays (left
column) N2(a
1Πg (all v′))→ N2(X1Σ+g (all v
′′)) + h𝜈 (120–280 nm) and (right column) N2(a
1Πg(v′ = 0))→N2(a′1Πg(v′′ = 0))
+ h𝜈 (8.25 μm). The considered IC discharges release a total energy of (top row) 1010 J, (middle row) 2 × 1010 J, and
(bottom row) 1011 J.
Table 7. Total Number of Emitted Photons for IC Lightnings With Total Released Energy of 1010 J
Transition Wavelength Emitted Photons
O(1S)→ O(1D) + h𝜈 557 nm 9.26 × 1016
N2(B3Πg (all v′)) → N2(A3Σ+g (allv
′′)) + h𝜈 550 nm–1.2 μm 5.26 × 1017
N2(C3Πu (all v′)) → N2(B3Πg (allv′′)) + h𝜈 250–450 nm 4.24 × 1016
N2(W3Δu (v′ = 0)) → N2(X1Σ+g (v
′′ = 5)) + h𝜈 208 nm 1.27 × 1013
N2(W3Δu (v′ = 0)) → N2(B3Πg (v′′ = 0)) + h𝜈 136.10 μm 6.30 × 1013
N2(a1Πg (v′ = 0)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 8.25 μm 1.77 × 1016
N2(a1Πg (all v′))→ N2(X1Σ+g (all v
′′)) + h𝜈 120–280 nm 1.81 × 1017
Table 8. Total Number of Received Photons for IC Lightnings With Total Released Energy of 1010 Ja
Transition Wavelength 300 km 1000 km
O(1S)→ O(1D) + h𝜈 557 nm 40 4
N2(B3Πg (all v′)) → N2(A3Σ+g (all v
′′)) + h𝜈 550 nm–1.2 μm 228 21
N2(C3Πu (all v′)) → N2(B3Πg (all v′′)) + h𝜈 250–450 nm 18 0
N2(W3Δu (v′ = 0)) → N2(X1Σ+g (v
′′ = 5)) + h𝜈 208 nm 0 0
N2(W3Δu (v′ = 0)) → N2(B3Πg (v′′ = 0)) + h𝜈 136.10 μm 0 0
N2(a1Πg (v′ = 0)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 8.25 μm 8 0
N2(a1Πg (all v′))→ N2(X1Σ+g (all v
′′)) + h𝜈 120–280 nm 79 7
aThe detector is a hypothetical 25 mm diameter camera located 300 km or 1000 km away (altitude of 400 km and
1100 km) from the emitting point.
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Table 9. Total Number of Emitted Photons for IC Lightnings With Total Released Energy of 2 × 1010 J
Transition Wavelength Emitted Photons
O(1S) → O(1D) + h𝜈 557 nm 2.45 × 1020
N2(B3Πg (all v′)) → N2(A3Σ+g (all v
′′)) + h𝜈 550 nm–1.2 μm 3.84 × 1020
N2(C3Πu (all v′)) → N2(B3Πg (all v′′)) + h𝜈 250–450 nm 9.74 × 1019
N2(W3Δu (v′ = 0)) → N2(X1Σ+g (v
′′ = 5)) + h𝜈 208 nm 7.10 × 1018
N2(W3Δu (v′ = 0)) → N2(B3Πg (v′′ = 0)) + h𝜈 136.10 μm 1.43 × 1018
N2(a1Πg (v′ = 0)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 8.25 μm 1.06 × 1019
N2(a1Πg (all v′)) → N2(X1Σ+g (all v
′′)) + h𝜈 120–280 nm 3.00 × 1019
Table 10. Total Number of Received Photons for IC Lightnings With Total Released Energy of 2 × 1010 Ja
Transition Wavelength 300 km 1000 km
O(1S) → O(1D) + h𝜈 557 nm 1.07 × 105 9.57 × 103
N2(B3Πg (all v′)) → N2(A3Σ+g (all v
′′)) + h𝜈 550 nm–1.2 μm 1.67 × 105 1.50 × 104
N2(C3Πu (all v′)) → N2(B3Πg (all v′′)) + h𝜈 250–450 nm 4.22 × 104 3.80 × 103
N2(W3Δu (v′ = 0)) → N2(X1Σ+g (v
′′ = 5)) + h𝜈 208 nm 3.08 × 103 2.77 × 102
N2(W3Δu (v′ = 0)) → N2(B3Πg (v′′ = 0)) + h𝜈 136.10 μm 6.22 × 102 57
N2(a1Πg (v′ = 0)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 8.25 μm 4.61 × 103 4.14 × 102
N2(a1Πg (all v′)) → N2(X1Σ+g (all v
′′)) + h𝜈 120–280 nm 1.30 × 104 1.17 × 103
aThe detector is a hypothetical 25 mm diameter camera located 300 km or 1000 km away (altitude of 400 km and
1100 km) from the emitting point.
Table 11. Total Number of Emitted Photons for IC Lightnings With Total Released Energy of 1011 J
Transition Wavelength Emitted Photons
O(1S) → O(1D) + h𝜈 557 nm 1.57 × 1022
N2(B3Πg (all v′)) → N2(A3Σ+g (all v
′′)) + h𝜈 550 nm–1.2 μm 2.05 × 1022
N2(C3Πu (all v′)) → N2(B3Πg (all v′′)) + h𝜈 250–450 nm 5.57 × 1021
N2(W3Δu(v′ = 0)) → N2(X1Σ+g (v
′′ = 5)) + h𝜈 208 nm 1.13 × 1020
N2(W3Δu (v′ = 0)) → N2(B3Πg (v′′ = 0)) + h𝜈 136.10 μm 2.32 × 1019
N2(a1Πg (v′ = 0)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 8.25 μm 4.01 × 1020
N2(a1Πg (all v′)) → N2(X1Σ+g (all v
′′)) + h𝜈 120–280 nm 2.85 × 1021
Table 12. Total Number of Received Photons for IC Lightnings With Total Released Energy of 1011 Ja
Transition Wavelength 300 km 1000 km
O(1S) → O(1D) + h𝜈 557 nm 6.83 × 106 6.13 × 105
N2(B3Πg (all v′)) → N2(A3Σ+g (all v
′′)) + h𝜈 550 nm–1.2 μm 8.90 × 106 8.0 × 105
N2(C3Πu (all v′)) → N2(B3Πg (all v′′)) + h𝜈 250–450 nm 2.42 × 106 2.18 × 105
N2(W3Δu (v′ = 0)) → N2(X1Σ+g (v
′′ = 5)) + h𝜈 208 nm 4.92 × 104 4.41 × 103
N2(W3Δu (v′ = 0)) → N2(B3Πg (v′′ = 0)) + h𝜈 136.10 μm 1.01 × 104 9.06 × 102
N2(a1Πg (v′ = 0)) → N2(a′1Σ−u (v
′′ = 0)) + h𝜈 8.25 μm 1.74 × 105 1.57 × 104
N2(a1Πg (all v′)) → N2(X1Σ+g (all v
′′)) + h𝜈 120–280 nm 1.24 × 106 1.11 × 105
aThe detector is a hypothetical 25 mm diameter camera located 300 km or 1000 km away (altitude of 400 km and
1100 km) from the emitting point.
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1 ms to analytically integrate it in time and derive the total number of emitted photon from 1 ms to inﬁnity.
The sum of both (numerical and analytical) integrals provides the total number of emitted photons given in
Table 7 through Table 9 for each of the considered emitting species. Afterward, we can calculate the fraction
of emitted photons able to reach a hypothetical detector with a diameter of 25 mm at a distance L from the
halo, located at around 100 km of altitude:
Rh𝜈
Eh𝜈
= 𝜋r
2
4𝜋L2
, (14)
where Rh𝜈 is the total number of photons that reach the camera, Eh𝜈 is the number of photons emitted by the
entire halo, and r is the radius of the camera aperture.
Tables 7–12 show the total number of emitted photons (Tables 7, 9, and 11) and the calculated total num-
ber of photons received (Tables 8, 10, and 12) by a 25 mm diameter camera sensor at a distance of 300 km
and 1000 km from a possible Venusian glowing halo. The LAC airglow observation mode uses a section of
1 × 8 pixels of the full (8 × 8 pixels) avalanche photodiode (APD) detector [Takahashi et al., 2008]. Therefore,
we can conclude that the total amount of photons that reaches the airglow detector section from the tran-
sient glowing discharge is one eight of the total number of photons received by the full detector shown in
Tables 7–12.
Figure 8 shows that, for highly energetic IC discharges, the halo brightness in the green line (557.7 nm) is
larger than the maximum natural atomic oxygen nightglow emission of 167 R [Slanger et al., 2006; Gray et al.,
2014]. This means that a camera with suﬃciently high temporal resolution and suﬃciently close could detect
the predicted 557.7 nm transient increase above its ambient nightglow value.
Optical emissionsdue to the increase in thedensity of CO2(001)might notbedetectable fromspacedue to the
strong ambient emission in the 4.26 μm spectral region [Lopez-Valverde et al., 2007]. However, we speculate
that a probe located on the Venus surface (or close to it) could observe this weak and local transient emission
increase corresponding to the 4.26 μm vibrational transition of CO2.
9. Conclusions
The existence of lightning on Venus is still controversial, as there is no conﬁrmed optical evidence. Our aim
in this paper was to develop a two-dimensional model able to predict and quantify possible mesospheric
transient optical emissions caused by possible IC lightning activity on Venus. In order to do so, our discharge
model solves a set of diﬀerential equations in the space-time domain. First, we relax the system of equations
by integrating it for relatively long times in order to obtain an ambient electron density equilibrium proﬁle
consistent with available observations and cosmic ray ionization rates. Then we obtained that the reduced
electric ﬁeld that produces electric breakdown of the Venusian atmosphere is 74 Td. We found that themeso-
spheric quasi-electrostatic electric ﬁelds induced by possible IC lightning discharges could only produce
detectable transient upper atmospheric glowing halos when theminimum total energy released by Venusian
IC lightnings is 2 × 1010 J (orbiter at a distance of 300 km) or 1011 J (orbiter at a distance of 1000 km).
According to our model predictions, the strongest mesospheric transient optical emissions are due (in order
of importance) to radiative deexcitation of N2(B
3Πg), O(1S), and N2(C3Πu), while other infrared and ultravio-
let emissions are produced by radiative decay of N2(W
3Δu) and N2(a1Πg). In particular, our model predicts
that the 557.7 nm mesospheric transient optical emissions of O(1S) could be detectable by orbiters when
induced by IC discharges with minimum total energies of 2 × 1010 J. In the latter cases, the transient
557.7 nm emission brightness would be larger than the ambient Venusian atomic oxygen nightglow. More-
over, lightning-induced transient optical emissions from the O(1D) radiative decay in the 630 nm line are also
expected, though for much longer (minutes) timescales.
As we have seen, highly energetic IC lightning discharges could trigger transient optical emissions in the
mesosphere of Venus that could be detectable by suﬃciently close orbiters. High temporal resolution optical
observations of the green line (557.7 nm) could be able to detect a rapid increase-decrease in the optical
557.7 nm emission signal due to underlying lightning activity. The transient 557.7 nm emission signal can be
brighter than that of the background green nightglow.
Future observations of transient optical, ultraviolet, and infrared emissions associated to the radiative decays
of N2 electronically excited species in themesosphere of Venus could be a feasible way to ﬁnally conclude on
the existence of lightning on Venus.
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